To better understand the evolution of the Mycobacterium tuberculosis complex, subspecies were tested for large sequence polymorphisms. Samples with greater numbers of deletions, without exception, were missing all the same regions that were deleted from samples with lesser numbers of deletions. Principal genetic groups based on single-nucleotide polymorphisms were restricted to one of the deletion-based groups, and isolates that shared genotypes based on molecular epidemiological markers were assigned almost exclusively to the same deletion type. The data provide compelling evidence that human tuberculosis did not originate from the present-day bovine form. Genomic deletions present themselves as an attractive modality to study the evolution of the M. tuberculosis complex.
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The Mycobacterium tuberculosis complex is composed of the closely related subspecies M. tuberculosis, M. bovis, M. microti, and M. africanum. In addition, strains not conforming to these classic subspecies have been isolated from other mammals, such as M. tuberculosis subspecies caprae (hereafter referred to as "M. caprae") [1] and the so-called "seal bacillus" [2] . Although the subspecies of the M. tuberculosis complex show 199% DNA identity [3] , they differ in their host range, epidemiology, clinical presentation in humans, and laboratory phenotype. However, close genetic relatedness, overlapping phenotypes, and slow growth make species assignment difficult [4] . As a result, little is understood about the differences among subspecies within the M. tuberculosis complex or how these differences have evolved.
Sequence analysis of M. tuberculosis complex isolates has revealed that allelic polymorphism is extremely rare, occurring in ∼1 in 10,000 bp [5] . Three genetic groups of M. tuberculosis complex (hereafter referred to as principal genetic groups 1, 2, and 3) have been identified on the basis of 2 single-nucleotide polymorphisms (SNPs) that occur in the katG and gyrA genes [5] . Principal genetic group 1 M. tuberculosis was deemed to be evolutionarily old and was allied with the M. tuberculosis complex "ancestor," M. microti, M. africanum, and M. bovis. Principal genetic groups 2 and 3 of M. tuberculosis were thought to have phylogenetically followed from group 1. More recently, genomic comparisons between the completed genome sequence of M. tuberculosis H37Rv [6] and M. bovis have revealed a number of large sequence polymorphisms (LSPs) that appear to distinguish virulent M. bovis isolates relative to M. tuberculosis H37Rv [7] [8] [9] . To date, only deletions relative to the sequenced strains of M. tuberculosis (H37Rv and CDC1551) have been identified. However, analysis of the complete genome sequence of M. bovis 2122 (available at http://www.sanger .ac.uk/Projects/M_bovis/) reveals that the bovine strain is shorter by 66,037 bp, and no genomic region that is unique to M. bovis but is consistently absent from M. tuberculosis has been uncovered to date [10, 11] . Unlike the nonsynonymous SNPs described above, these deletions include genes predicted to affect a range of metabolic pathways and putative virulence factors [7, 8] . Coupled with the observation that some of these deletions are variably absent from other subspecies of the M. tuberculosis complex [8] [9] [10] [11] , deletions promise to be an important source of variability among complex members.
To explore the evolutionary relationship of members of the M. tuberculosis complex, we tested for the presence or absence of deletions within complex isolates derived from different hosts and isolated in various geographic locales. The same samples were also tested for the SNPs within the katG and gyrA genes, to determine the concordance of a deletion-based scenario with that proposed by analysis of SNPs. Because genomic deletions are expected to represent unidirectional genetic events [7, 12] , the distribution of the deletions suggests a phylogeny for the M. tuberculosis complex.
Materials and Methods
Bacterial isolates. DNA from 66 M. tuberculosis complex isolates was provided by 2 laboratories (those of D.C. and A.A.). On the basis of classic tests of the M. tuberculosis complex [13] , isolates were classified as M. tuberculosis
n p 10 n p 7 seal bacilli ( ). Bacteria had been isolated in 8 different counn p 10 tries from 9 different animal hosts. Nearly all these samples had been genotyped previously by restriction fragment-length polymorphism (RFLP) [14, 15] , using the molecular epidemiologic markers IS6110 [16] (63 of 66 isolates), polymorphic GC-rich sequence (PGRS) [17] (58 of 66 isolates), and direct repeat (DR) [18] (54 of 66 isolates), and by spoligotyping [19, 20] (64 of 66 isolates). In total, 41 different IS6110 genotypes, 40 different PGRS genotypes, 31 different DR genotypes, and 34 different spoligotypes were provided from these 66 samples. Samples were coded numerically for genetic analysis and were blinded to their origin, species designation, and genotype.
Deletions. We tested samples for genomic regions present in M. tuberculosis H37Rv and absent from virulent isolates of M. bovis [7] [8] [9] . For RD (region deleted) regions, we followed the nomenclature of Gordon et al. [8] , with the additional inclusion of N-RD (new region deleted) regions discovered by Salamon et al. [9] . LSPs uncovered to date are RD3, RD4, RD5, RD6, RD7, RD8, RD9, RD10, RD11, RD12, RD13, N-RD17, and N-RD25. The phages (RD3 and RD11) were excluded from testing for 2 reasons. First, these elements already have been observed to have a variable presence in M. tuberculosis [12, 21] and M. bovis isolates [7] . In addition, because of the variable genomic location of these phages within the chromosome (available at http://www.tigr.org), it is not possible to demonstrate by site-specific polymerase chain reaction (PCR) the deletion of these elements from a precise locus of the genome. Of the remaining LSPs, we included only those expected to represent deletions from M. bovis, as opposed to insertions into M. tuberculosis. To select these, our criteria were 2-fold. First, LSPs must have at least 1 junction point truncating an open-reading frame (ORF) in H37Rv. This was done because a genomic insertion into an intergenic region would not disrupt ORF structure, whereas such an insertion into an existing ORF would not be expected to complete a truncated ORF. Second, the LSP must extend beyond a single ORF. Otherwise, it would not be possible to distinguish an insertion into an ORF that does not disrupt the coding sequence from a deletion incurred within that same ORF. According to these criteria, N-RD17, which is located entirely within an ORF (Rv3479), was excluded from our analysis. The following LSPs met the stated criteria and were assessed as being present or absent in our samples: RD4, RD5, RD6, RD7, RD8, RD9, RD10, RD12, RD13, and N-RD25.
PCR amplification and sequencing across deletions. To search for the presence or absence of the deleted regions, we subjected each of our 66 samples to a 3-primer PCR, as described by Talbot et al. [22] for the study of bacille Calmette-Guérin (BCG)-specific RD1. In brief, for each deleted region, we designed one pair of PCR primers beyond the region (forward and reverse) that would amplify should the genomic region be absent. A third primer (reverse) was designed within the deleted region. Amplification resulting from this primer and the forward primer would result in a PCR product of a different size, indicating that the genomic region was present. For each experiment, M. tuberculosis H37Ra was used as the control for the presence of the region, and M. bovis BCG Pasteur was used as the control for the absence of the region. To confirm the precise genomic locus of the deletion, we performed PCR-based sequencing across deleted regions at the Montreal Genome Center using the ABI PRISM Dye Terminator Cycle sequencing kit and a Prism 3700 automated sequencer (both from PE Applied Biosystems).
SNP analysis. Sreevatsan et al. [5] assigned isolates of M. tuberculosis complex organisms to 1 of 3 genotypic groups, on the basis of the combinations of polymorphisms at katG codon 463 and gyrA codon 95. Principal genetic group 1 has the allele combination katG codon 463 CTG and gyrA codon 95 ACC, principal genetic group 2 has katG codon 463 CGG and gyrA codon 95 ACC, and principal genetic group 3 has katG codon 463 CGG and gyrA codon 95 AGC. To investigate the arrangement of the katG and gyrA SNPs within our samples, we designed forward and reverse primers to amplify a fragment of the katG and gyrA genes housing the site of polymorphism. The katG PCR product was digested with MspI, a restriction enzyme that cleaves at a C/CGG sequence. Digestion with MspI produces 4 DNA fragments in isolates with katG codon 463 CGG and 3 DNA fragments in isolates with katG codon 463 CTG. Because there is no appropriate enzyme to cleave gyrA around the desired region, we sequenced our PCR product (as described above) to determine polymorphism occurring at gyrA codon 95. Again, M. tuberculosis H37Ra (principal genetic group 3, katG codon 463 CGG and gyrA codon 95 AGC) and M. bovis BCG Pasteur (principal genetic group 1, katG codon 463 CTG and gyrA codon 95 ACC) were used as controls.
Analysis of deletions and SNP results. On the basis of review of gels by 2 independent readers, regions were deemed to be present or absent, without knowledge of subspecies assignment, host, or geographic provenance. PCR amplicons across deletions were sequenced, and the bridging sequence was compared with that of H37Rv by Tuberculist Blastserver (available at http://genolist .pasteur.fr/TubercuList/) to delineate the exact junctions of the deletion. The katG SNP was assessed by PCR-RFLP, with gels read by 2 independent readers. The gyrA SNP was assessed by sequencing and compared with H37Rv by Tuberculist Blastserver (http:// genolist.pasteur.fr/TubercuList/). All these results were assembled into a single framework that provides the most parsimonious scenario (table 1) . Subsequently, names of isolates and provenance were superimposed onto this framework (table 2) .
Results
We tested a total of 66 DNA samples but obtained data for all deletions from only 63 samples because of insufficient DNA in 3 of them. All 63 samples providing deletion data were amenable to sequence confirmation of deletion junction and to SNP analysis by PCR-RFLP or sequencing.
Sequence analysis of all deletions but RD6 confirmed that these represent the same genetic event, because the flanking sequences observed are identical for all isolates (data not shown). We could not sequence confirm the exact site of RD6 because it represents a highly repetitive region. Therefore, we have not assigned the same level of confidence that absence of RD6 consistently represents the same LSP.
We observed that certain samples contain all regions (n p ), certain samples lack all regions deleted from virulent M. 14 bovis ( ), and the remaining samples provide intermediate n p 16 deletion results (  ; table 1 ). Of the samples demonstrating n p 33 deletions ( ), samples with greater numbers of deletions, n p 49 without exception, were missing all the same regions that were deleted from samples with lesser numbers of deletions. For example, certain samples lack 4 regions (RD7, RD8, RD9, and RD10), and others are missing 9 regions, which include the aforementioned 4 regions plus 5 extra deletions (RD5, RD6, RD12, RD13, and N-RD25). Analysis of deletions suggests that there are at least 5 deletion types within the complex, based on no deletions, 1 deletion, 4 deletions, 9 deletions, and all 10 regions missing. Analysis of SNPs revealed that the group with no deletions could be further subdivided into principal genetic groups 1, 2, and 3, whereas all other samples fell into principal genetic group 1 (table 1) .
Associating isolates with various molecular epidemiological markers (IS6110 RFLP, PGRS RFLP, DR RFLP, and spoligotype) revealed that these typing modalities grouped isolates almost exclusively within deletion types (data available at http: //www.molepi.mcgill.ca/Mtbcomplex). In other words, isolates grouped together by deletion type had different IS6110 RFLP patterns, but all isolates with the same IS6110 RFLP pattern had the same deletion type (IS6110 patterns common to 11 sample were seen 9 times). This same scenario is also observed for PGRS RFLP, in which 9 patterns were seen in 11 sample, but each pattern was found only in 1 deletion type. There were 9 DR RFLP patterns shared by 11 sample; 8 DR patterns were each restricted to a single deletion type, but 1 DR pattern was observed in 2 samples that had different deletion types. There were 12 spoligotype patterns shared by 11 sample; 11 spoligotype patterns were each restricted to a single deletion type, but 1 spoligotype pattern was observed in 2 samples that had different deletion types.
When we superimposed the assigned names to DNA samples ( figure 1 .
Discussion
The availability of the whole genome sequence of M. tuberculosis H37Rv and comparative genomic tools has provided an unprecedented opportunity to make sequence comparisons among the M. tuberculosis complex [6] [7] [8] [9] . From these comparisons, several regions have been identified that are present in M. tuberculosis H37Rv but absent from virulent M. bovis isolates. Without having the ancestor of the M. tuberculosis complex, we cannot say with absolute certainty whether these LSPs are deletions from the M. bovis genome, as opposed to insertions into the M. tuberculosis genome. However, it is compelling that the LSPs are deletions, because the ORF structures at junction points are truncated [11] . This notion follows from the reasoning that insertion of a polygenic region into the M. bovis genome, thereby completing an existing truncated ORF, is much less likely than disruption of that ORF during a deletion from H37Rv. Furthermore, genes at the junction points have homologues in M. avium and M. smegmatis (available at http://www.tigr.org). It would therefore be difficult to postulate that these genes are present in mycobacteria with larger genomes, were absent in the ancestral member of the M. tuberculosis complex, but were subsequently reacquired only in the M. tuberculosis lineage of the M. tuberculosis complex.
Empirical support for genomic deletions representing unidirectional genetic events has been established recently by 2 separate studies and is supported by data presented here. In a genomic study of BCG vaccine strains, Behr et al. [7] documented that BCG-specific deletions superimpose perfectly on the historical record, demonstrating that deletions represent unidirectional events in the evolution of BCG. In a study of genomic deletions within clinical isolates of M. tuberculosis, mycobacterial clones shared the same genomic deletions, again suggesting that deletions can be used to reconstruct phylogenetic trees [12] . In the present analysis, samples sharing typing patterns have the same deletion profile with just 2 exceptions, both involving the DR region of the genome. These different studies all support the potential value of genomic deletions as evolutionary markers, despite the possibility that deletions offer a medium for selection to act upon. Selective pressure leads to the theoretical concern that different strains may converge to delete the same genomic region. If this were to occur, such a phenomenon would confuse any phylogenetic inference. However, deletion convergence is highly unlikely, because independent deletion of a set of genes would not be expected to reproducibly occur at the exact same base pair, and, empirically, such an event has not been observed in samples studied to date. It therefore follows that regions of M. tuberculosis H37Rv missing from virulent M. bovis can suggest a phylogeny for the M. tuberculosis complex. The distribution of deletions suggests their order of occurrence during bacterial evolution (figure 1). By overlaying SNP results onto the deletion-based phylogeny, it can be seen that the 3 principal genetic groups are distinguished within isolates harboring no genomic deletions, whereas all samples missing у1 genomic region fell into principal genetic group 1. A phylogeny based on genomic deletions therefore supplements the previous SNP classification system proposed by Sreevatsan et al. [5] . From figure 1, it appears that the human form of tuberculosis (TB) preceded the form observed in voles, seals, goats, and cows. This scenario concurs with deletion data presented by Gordon et al. [8] , arguing against a bovine origin of TB [10] , and is supported by the recent archeological find of an isolate from a 17,000-year-old bison that grouped more closely with M. tuberculosis and M. africanum than M. bovis [23] . Thus, the distribution of genomic deletions suggests that present-day M. bovis is not the evolutionary precursor of M. tuberculosis and argues against the commonly expressed belief that human TB originated with the domestication of cattle [24] .
There are several important limitations in this analysis that suggest the need for further study. First, the deletions tested derive from a monophyletic comparison of M. tuberculosis with M. bovis and do not include deletions found in M. tuberculosis isolates or expected deletion polymorphisms that one can anticipate in the lineages of M. microti, seal bacillus, M. caprae, and M. bovis. Clearly, the demonstration of deletions specific to each of these subspecies will help provide a more complete picture of the M. tuberculosis complex. At that point, it will be possible to revisit the phylogenetic scenario suggested by the current data to determine whether the deletions studied here still provide a backbone for the M. tuberculosis complex. A second limitation relates to the number of samples tested. An example of this is the independent deletion of RD9 that was observed in only one sample (M. africanum; table 2). Although this finding is in accordance with previous genomic characterization of M. africanum [8] , we cannot assign the same level of confidence to the phylogenetic occurrence of this deletion on the basis of just one observation. A third limitation is the diversity of samples studied. We have tested each of the classic subspecies, and the 63 samples come from a total of 8 different countries, 9 different hosts, 39 different IS6110 RFLP patterns, 39 different PGRS RFLP patterns, 30 different DR RFLP patterns, and 33 different spoligotype patterns. However, the fact that intermediate numbers of deletions (2, 3, 5, 6, 7, or 8 deletions) were not detected suggests that other forms of the M. tuberculosis complex were not sampled, either because they were geographically absent in the isolates tested or because they represent transition forms that are no longer present. To resolve this, a larger number of samples from a greater geographic range will be needed. A final limitation comes from the difficulty in assigning a link between organisms called M. africanum and deletion-based genotyping. This discrepancy is best explained as an artifact of ambiguous classification, because no simple set of phenotypic features is generally accepted for M africanum, with some researchers suggesting that isolates not man-ifesting either of the classic phenotypes for M. tuberculosis or M. bovis are arbitrarily assigned to M. africanum [25] .
Because subspecies of the M. tuberculosis complex are thought to have a clonal genetic structure [5, 12, 26, 27] , genomic deletions among them promise to be a consequential source of variability. In the present study, which examines isolates of the M. tuberculosis complex, samples with greater numbers of genomic deletions, without exception, were missing all the same regions that were deleted from samples with lesser numbers of deletions, suggesting that the deletions tested are unidirectional events and can serve as clonal genetic markers. Genomic deletions may assist in the evolutionary analysis of other clonal organisms and, coupled with the strong phylogenetic relevance of gene content from whole-genome comparison of divergent bacteria [28] , may hold promise as an important tool in the study of bacterial evolution.
